Abstract. After reviewing briefly the present state of knowledge about chorus-like emissions, we present an overview of Magion 5 satellite observations of these emissions in the inner magnetosphere of the Earth. From the extensive VLF data recorded on board the Magion 5 satellite, we show examples of different types of discrete elements, representing rising and falling tones, and discuss their spectral properties, such as the bandwidth and the characteristic frequency as compared to the equatorial electron gyrofrequency. We analyse the possibility of satellite observation of discrete elements, assuming nonducted wave propagation from the source. As for the characteristic dimension of the generation region, we apply the figures obtained from the recently published correlation analysis of chorus emission recorded by four satellites in the Cluster experiment. We conclude that different frequencies in the chorus element should be emitted in a certain span of wave normal angles, so that the whole element could be observed far from the generation region.
Introduction
Chorus is an electromagnetic whistler mode emission that consists of narrow-band tones usually rising (sometimes falling) in frequency on the time scale of several tenths of a second (Sazhin and Hayakawa, 1992) . These discrete elements repeat periodically or quasi-periodically, sometimes merging into noise. Observations show that chorus is mainly registered at ω/ω ceq ∼ 0.2 − 0.5, where ω ceq is the equatorial electron cyclotron frequency on the field line of observation. Chorus emission is believed to be generated in the equatorial region in the inner magnetosphere. It is usually observed outside the plasmasphere, sometimes close to the plasmapause, from local midnight to local noon, with maxiCorrespondence to: J. Chum (jch@ufa.cas.cz) mum activity in the morning hours. The reason why chorus is mainly observed in the dawn sector of the inner magnetosphere is that the energetic electrons from more distant parts of the nightside magnetosphere are injected in this region (Bespalov and Trakhtengerts, 1986) . Storey (1953) and Helliwell (1965 Helliwell ( , 1967 Helliwell ( , 1969 gave the first detailed description of chorus based on both ground observations and measurements from the first satellites. A review of chorus emission has been presented by Sazhin and Hayakawa (1992) where they discussed the region of generation, propagation characteristics, and the shape of elements of this emission. It is usually assumed that chorus is generated in the process of cyclotron resonant interaction with magnetospherically trapped electrons in the energy range 5-100 keV. These emissions influence the dynamics of electron radiation belts, ring current and particle precipitations in the auroral region. Condition for resonant interaction between a particle and a wave is given by the following relation:
Here, ω is the wave frequency, k is the wave vector component along the ambient magnetic field, v is the corresponding component of particle velocity, ω c = eB/m e is the electron cyclotron frequency, γ is the relativistic factor (it is close to 1 for the particle energies mentioned above), and n is an integer. In the case of fundamental cyclotron resonance, n = 1, the whistler mode wave and resonant electrons move in opposite directions with respect to the ambient magnetic field. For n = 0, which corresponds to the so-called Cerenkov, or Landau, resonance, v and k have the same sign. Whether the wave is amplified (gaining energy) or damped (loosing energy) during the resonant interaction depends on the particle distribution function. In the case of unstable plasma, the parallel wave propagation is usually that of greatest instability, with the first cyclotron resonance being the only one in operation in this case. As the wave normal angle increases, other cyclotron resonances, and, most of all, the Landau resonance, all come into play. Contributions of different resonances to the wave amplification may have different signs, for example, the fundamental cyclotron resonance may contribute to the wave growth, while the Landau resonance may contribute to the wave damping. The net contribution of all resonances determines whether a plasma is unstable with respect to the given frequency and wave normal angle. It is important to bear in mind that for non-relativistic electrons, the first cyclotron and Landau resonances play the most important role, as they correspond to the lowest particle energies that dominate in a majority of particle distributions.
Linear theory gives an idea of the unstable frequency band that may be excited in a plasma. However, it has a limited domain of applicability, as it does not take into account the back influence of the excited waves upon the particle distribution function. Quasi-linear theory, which includes the latter effect, is the next approach in describing the dynamics of waves and particles in the case of a wide enough wave spectrum. Wave-particle interactions in the Earth's magnetosphere in the framework of quasi-linear theory have been extensively investigated by a number of authors (see, e.g. Andronov and Trakhtengerts, 1964; Kennel and Petschek, 1966; Lyons and Williams, 1975; Bespalov and Trakhtengerts, 1980 , and references therein). Recently, Tsuratani and Lahkina (1997) presented a brief tutorial review of this subject. Although quasi-linear evolution of the particle distribution function may play an important part in the process of further wave excitation, as suggested by Trakhtengerts (1995 Trakhtengerts ( , 1999 , it is generally agreed that the mechanism of chorus generation, in particular, the explanation of the quasiperiodic structure of chorus elements is beyond the scope of linear and quasi-linear theories.
Several authors attempted to explain the main properties of chorus emission, such as the recurrence rate and the slope of chorus elements. Trakhtengerts (1995 Trakhtengerts ( , 1999 introduced a theory of the backward wave oscillator in ELF/VLF frequency band. According to this theory, a step-like electron distribution function, which is formed as a result of the development of cyclotron instability, leads to an absolute instability and the wave generation in the form of discrete elements with rising frequency. Nunn et al. (1997) considered a strong nonlinear phase trapping of cyclotron resonant electrons as the underlying mechanism behind VLF chorus.
Recent measurements of Poynting flux in chorus emission performed on the Polar satellite (LeDocq et al., 1998) provided an experimental proof that chorus is generated in the region close to the magnetic equator, as had been supposed by early works (Helliwell, 1969) . These measurements showed that the transition from northward to southward propagation at the magnetic equator is very abrupt, which implies a small size of the generation region, probably not more than a few thousand kilometres in the northsouth extent. The observations also did not show evidences of the chorus magnetospheric reflections that often occur for lightning-generated whistlers inside the plasmasphere. These findings were confirmed by the first results from Cluster wideband plasma wave measurements presented by Gurnett et al. (2001) . In addition, the cross-correlation between spectrograms recorded by different Cluster spacecraft showed that the transverse (with respect to geomagnetic field) dimension of the excited wave packets near the generation region is rather small (about 100 km, Santolik and Gurnet, 2003) . Thus, one can suppose that chorus elements are generated in region(s) having transverse dimensions of the order of several wavelengths.
Magion 5 acquired a lot of chorus and chorus-like emissions during its active period of measurements, from May 1998 to July 2001. We use the term "chorus-like" for emissions the detailed spectrograms of which contain discrete quasi-periodic elements resembling chorus, but whose morphological characteristics and frequency band may be different from that typical of the classical chorus. In the next section, we present a variety of chorus-like emissions registered on board the Magion 5 satellite. In what follows, the data are presented in the form of spectrograms (frequency-time diagrams). The spectral amplitude is discerned by different colours. We use a rainbow colour map. The red colour indicates higher amplitudes, while the blue one stands for lower amplitudes. We should stress that only relative amplitudes are reproduced on the spectrograms below, the absolute values have not been determined due to technical reasons. The common colour bar shown in Fig. 3 represents relative values of the square root of the power spectral density, the absolute amplitudes shown by the same colour possibly being different on different spectrograms. A typical example of chorus-like emission observed on board Magion 5 is shown in Fig. 1 . This detailed spectrogram represents the dynamics of chorus emission on the time scale of ∼ 18 s.
Overview spectrograms represent another type of wave data presentation, showing the evolution of the VLF spectrum in the frequency band 0-22 kHz on the time scale of ∼ 20 min. Figure 2 displays a typical overview spectrogram recorded on the descending part of the orbit number 4740.
The orbital data below the spectrogram indicate that the satellite approaches the equator, moving from L = 3.8 to L = 3.2. The yellow dashed lines mark one-half (f ceq /2) and one-fourth (f ceq /4) of equatorial electron cyclotron frequency (f ceq = ω ceq /2π on the L-shell of satellite, and the lower hybrid resonance frequency for electron-proton plasma calculated under assumption ω 2 p ω 2 c , where ω p is electron measurements presented in Fig. 4 . One should bear in mind that the plasmapause does not necessarily represent one distinct density drop, but may have a more complicated wavy structure as shown in Fig. 5 . The high frequency emission on the spectrogram shown in Fig. 6 has most probably been recorded just inside the plasmapause. This is evidenced by simultaneous registration of the noise band with lower cut off at the LHR frequency, which is usually observed inside the plasmasphere. Similarly to Fig. 2 , the yellow line marked f LHM indicates the LHR frequency calculated for electron-proton plasma under assumption ω p >>ω c . Since this gives the maximum possible value of LHR frequency, the observed LHR cut off is bellow this line. Also, in the vicinity of a distinct, or a "wavy" plasmapause, one can expect quasi-ducted propagation of the emission, at least in the equatorial region. The question about how far the plasmapause, and the corresponding duct(s) spread towards the earth is not easy to answer. A discussion of this problem based on simultaneous ground-based and satellite measurements could be found in the paper by Jiříček et al. (1981) . Thus, the characteristic frequency of the emission increases with the decrease in L-shell and the corresponding increase in the equatorial electron cyclotron frequency. In the case shown in Fig. 2 , the characteristic frequency changes from 5 kHz at L = 3.8 and ILAT = 17.9 • to 10 kHz at L = 3.25 and ILAT = 10 • . This is quite a typical spectrogram; similar ones are observed in most cases on the descending part of orbits. The example above corresponds to the observation outside the plasmapause, as will be discussed in Sect. 3.
In some cases the spectrogram may have a particular character, namely instead of forming a continuous band on the spectrogram, the emission may form several "clusters". An example of such a spectrogram obtained on the orbit number 5852 is shown in Fig. 3 . These emissions were observed near the plasmapause, as can be seen from the simultaneous density measurements presented in Fig. 4 . One should bear in mind that the plasmapause does not necessarily represent one distinct density drop, but may have a more complicated wavy structure, as shown in Fig. 5 .
The high frequency emission on the spectrogram shown in Fig. 6 has most probably been recorded just inside the plasmapause. This is evidenced by simultaneous registration of the noise band with a lower cutoff at the LHR frequency, which is usually observed inside the plasmasphere. Similar to Fig. 2 , the yellow line marked f LHM indicates the LHR frequency calculated for electron-proton plasma under the assumption ω p ω c . Since this gives the maximum possible value of LHR frequency, the observed LHR cutoff is below this line. Also, in the vicinity of a distinct, or a "wavy" plasmapause, one can expect quasi-ducted propagation of the emission, at least in the equatorial region. The question about how far the plasmapause, and the corresponding duct(s) spread towards the Earth is not easy to answer. A discussion of this problem based on simultaneous groundmeasurements presented in Fig. 4 . One should bear in mind that the plasmapause does not necessarily represent one distinct density drop, but may have a more complicated wavy structure as shown in Fig. 5 . Ion density along the orbit 5773 of Magion 5.
The high frequency emission on the spectrogram shown in Fig. 6 has most probably been recorded just inside the plasmapause. This is evidenced by simultaneous registration of the noise band with lower cut off at the LHR frequency, which is usually observed inside the plasmasphere. Similarly to Fig. 2 , the yellow line marked f LHM indicates the LHR frequency calculated for electron-proton plasma under assumption ω p >>ω c . Since this gives the maximum possible value of LHR frequency, the observed LHR cut off is bellow this line. Also, in the vicinity of a distinct, or a "wavy" plasmapause, one can expect quasi-ducted propagation of the emission, at least in the equatorial region. The question about how far the plasmapause, and the corresponding duct(s) spread towards the earth is not easy to answer. A discussion of this problem based on simultaneous ground-based and satellite measurements could be found in the paper by Jiříček et al. (1981) . based and satellite measurements can be found in the paper by Jiříček et al. (1981) . Figure 6 , which corresponds to orbit number 6540, gives an example of how the records look from the ascending part of orbits. In the main, the spectrum of the emission fits again between ω ceq /4 and ω ceq /2. It should be noted that emissions may be found in different frequency bands simultaneously. Another point which is worth mentioning is that the characteristic frequency of the emission does not change much at large L-shells, for instance, at L > 3.5 in the case under discussion. Yet another interesting feature of the spectrogram observed on this orbit is that the emission is registered at unusually high frequencies, up to ∼ 20 kHz.
We now turn to the discussion of detailed spectrograms and the characteristics of discrete elements that form the emission, proceeding with the orbit number 6540. Figure 7 shows the relatively rare observation of ∼20 kHz emission in two different time intervals. Despite the fact that the elements are not very distinct and are partly mixed with the noise, we easily recognize the transition from falling tones (upper panel) to more common rising tones (bottom panel). This phenomenon has also been observed on several other orbits. For example, on orbit number 4724 (Fig. 8) , the change in the spectrum from falling tones to rising tones is accompanied by the variation of emission central frequency (see Fig. 8 ), which was not the case on orbit number 6540. (The gap in the middle of this spectrogram is due to technical reasons.) We should mention that falling tones, which we observed when the satellite moved over low invariant latitudes have never been found at higher latitudes. It is necessary to bear in mind that L-values always decrease with decreasing latitude along Magion 5 orbits. The slope and the repetition rate of chorus-like emission elements are important characteristics of the phenomena under discussion. Both the generation mechanism and propagation effects should play a part in the formation and evolution of the slope of chorus elements. However, this question, as well as the problem of element recurrence, is out of the frame of the present study. Interested readers are referred to recent papers by Trakhtengerts (1995 Trakhtengerts ( , 1999 and Nunn et al. (1997) , which represent the current state of the investigation into this problem. Figure 9 , which presents the recording from orbit number 6954, illustrates that a detailed spectrogram may contain spot-like elements. Other records show that discrete elements may appear above (Fig. 10) or below (Fig. 11 ) a noise band.
Propagation of chorus-like emission and conditions for its observation
Let us discuss what can be inferred from the ray tracing regarding chorus-like emission. In the case of nonducted, oblique propagation, the waves with different frequencies propagate along different trajectories, even if they have the same initial wave normal angles (see Fig. 15 ). So, for the whole chorus element to be observed on a satellite located far enough from the source, either the source region should be wide enough, or each frequency should be emitted with various initial wave normal vectors, or both. In order to decide between these variants, we turn to the first results from the Cluster wide-band plasma wave investigations (Gurnett et al., 2001; Santolik and Gurnett, 2003) . The correlation analysis of chorus spectrograms recorded on four Cluster satellites in the equatorial region at L∼3.8 has shown that a typical dimension of the chorus source region, over which the chorus elements are significantly correlated, is ∼ 100 km across the field line. These figures are close to the theoretical estimations by Trakhtengerts (1999) . Although the results mentioned above were obtained when the Cluster satellites crossed the equator at higher altitudes than Magion 5, we will take the figures given above as a rough estimate of the dimension of emission source in the equatorial region. Let us analyse in more detail a typical case of emission observed by Magion 5 on the orbit number 4740 (see Fig. 2 ). For this orbit, we also have the measurement of ion density (number of ions per cubic meter) shown as a common loga- rithm in Fig. 12 . Comparing the L-shell on which the spectrogram in Fig. 2 has been taken, with the ion density profile as a function of L on this orbit, we observe that the recording has been taken outside a very distinct plasmapause situated at L ≈ 2.8. As there is no evidence of a duct in that region (in the sense of a density enhancement around a field line), the consideration in the framework of nonducted propagation seems quite plausible. Note that the L-shell decreases with time along the displayed part of satellite orbit number 4740, while the plasma density is plotted as a function of "increasing" L-shell, and that the interval of plasma density measurement covers the time interval displayed on the spectrogram.
As was mentioned above, in order to observe the whole frequency band of chorus-like emission on a satellite outside the source region of a small size, the wave should be generated in a finite band of wave normal angles. To estimate the necessary wave normal angle span, we perform the ray-tracing simulations, assuming the frequency band of the emission to cover the interval from 7 to 8 kHz, which corresponds to the case shown in Fig. 2 . We take two utmost frequencies in the band, and for both waves, we start the simulation at the equator on L = 3.79, which corresponds to the equatorial electron cyclotron frequency ω ceq = 16 kHz, i.e. twice the upper frequency in the considered band. If we take the initial wave normal angle θ = 0 • for 8 kHz wave, and θ = 18 • for 7 kHz wave, we find that on the first half-hop the trajectories are very close. This case is illustrated in Fig. 13 . The trajectory for the 7 kHz wave is shown in cyan, while the 8 kHz trajectory in shown in magenta. Being guided by this example, we can suppose that if the frequency band 7-8 kHz is generated in a small region at the equator, then the whole band can be observed at high latitudes, provided that the initial wave normal angle span is | θ | ∼ 18 • .
The example shown in Fig. 13 corresponds to ω/ω ceq ∼ 1 2 . This case is, in a sense, special for whistler mode waves, as the contour plot ω = constant on (k ⊥ , k )-plane, the normal to which gives the direction of the group velocity, changes its character at this frequency (see, e.g. Sazhin, 1982) . In particular, the wave normal angle θ = 0 • for the 8 kHz wave is simultaneously equal to the Gendrin angle (see below). To understand the general case, we recall some well-known facts concerning the direction of the group velocity for whistler For waves generated well below ω c /2, it is more difficult to merge the ray trajectories for different frequencies by an appropriate choice of initial wave normal angles, when all waves start from one point at the equator. However, if we launch all frequencies from one point, but in a certain span of wave normal angles, then the whole frequency band may be observed far enough from the source when a satellite moves in the region of overlapping trajectories (Fig. 14) . 
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As was mentioned above, another possibility to make the whole spectrum observable on a satellite at high latitudes could be to launch waves along the field line, but from different L-shells at the equator. This situation would correspond to the case when the wave growth rate has a sharp maximum at θ = 0. However, even if we launch different frequency waves in a larger L-shells span than the transverse dimension of chorus source observed by CLUSTER, there will be no region at higher latitudes where the whole frequency band of chorus could be observed (see Fig. 15 ). Thus, we conclude that chorus source has to emit in a sufficiently wide interval of wave-normal directions. mode waves (see, for instance, Stix, 1962) . The longitudinal group velocity, v g , i.e. the projection of the group velocity on the magnetic field line, has always the same sign as the parallel wave normal vector k . As for the sign of the transversal group velocity v g⊥ , it depends on the sign of k ⊥ , as well as on the wave frequency and wave normal angle. In fact, far from the LHR frequency, the sign of v g⊥ is determined by the sign of the quantity (2ω − ω c cos θ ). For the so-called Gendrin angle (Gendrin, 1961) , i.e. for cos θ = 2ω/ω c , which exists only if ω < ω c /2, of course, the transversal group velocity v g⊥ is equal to zero, and the wave propagates along the ambient magnetic field, as in the case θ = 0. For (2ω − ω c cos θ ) < 0, the transversal group velocity v g⊥ has the same sign as k ⊥ , while for (2ω − ω c cos θ) > 0, v g⊥ and k ⊥ have opposite signs, i.e. the wave moves towards lower L-shells if the wave vector is directed towards larger L-shells, and vice versa. In particular, the last situation takes place for quasi-resonance waves when ω ≈ ω c cos θ . The wave generation and propagation in a quasi-resonance regime has been studied, for example, by Alekhin and Shklyar (1980) and Bošková et al. (1988 Bošková et al. ( , 1990 . The properties of the wave group velocity mentioned above help to understand the results of computer simulations discussed further. In the case of wave generation with ω close to ω c /2, the trajectories 7 kHz and 8 kHz will merge far enough from the equator not only when the initial wave normal angles equal 18 • and 0 • , respectively, as in the example above, but also for other pairs of wave normal angles, including negative ones, for which the wave normal vector is directed towards lower L-shells. For instance, θ 0 may be equal to −18 • and −30 • , respectively, for 7 and 8 kHz waves.
For waves generated well below ω c /2, it is more difficult to merge the ray trajectories for different frequencies by an appropriate choice of initial wave normal angles, when all waves start from one point at the equator. However, if we launch all frequencies from one point, but in a certain span of wave normal angles, then the whole frequency band may be observed far enough from the source when a satellite moves in the region of overlapping trajectories (Fig. 14) .
As was mentioned above, another possibility to make the whole spectrum observable on a satellite at high latitudes could be to launch waves along the field line, but from different L-shells at the equator. This situation would correspond to the case when the wave growth rate has a sharp maximum at θ = 0. However, even if we launch different frequency waves in a larger L-shells span than the transverse dimension of chorus source observed by Cluster, there will be no region at higher latitudes where the whole frequency band of chorus could be observed (see Fig. 15 ). Thus, we conclude that chorus source has to emit in a sufficiently wide interval of wave-normal directions.
To summarize the previous discussion we can say that the most favourable conditions for the whole spectrum to be observed on a satellite far from the equator seem to comply with the situation when the waves are generated in a small region at the equator within a certain span of wave normal angles, on the L-shell, where ω c ∼ 2ω, with ω being a typical frequency in the generated band. The spread of the wave normal angles of the order of 20 • is necessary if the chorus is emitted at frequencies below ω c /2. Such a spread is consistent with Geotail observations (Nagano et al., 1996) . In a sense, the distribution of the wave normal angles controls the bandwidth of the emission observed at higher latitudes on a satellite.
Conclusions
We have presented a variety of spectrograms recorded on the Magion 5 satellite, illustrating different features of choruslike emissions, and discussed them in the light of recent findings from other satellites like Polar, Cluster and Geotail. A typical frequency band of the discussed emission spans from ω ceq /4 to ω ceq /2. At the equator, the characteristic frequency of the emission is closer to ω ceq /2, while at higher latitudes it is closer to ω ceq /4. We have focused on the nonducted propagation of chorus-like emission, and the possibility of observing the whole excited band at higher latitudes, assuming a small transverse dimension of a generation region located near the equator outside the plasmapause, and wave propagation in quasi-longitudinal regime.
Our main conclusion is that, in the case of nonducted propagation of the emission from the source, different frequencies in the chorus element should be emitted in a certain span of wave normal angles, so that the whole element could be observed far from the generation region. This conclusion concerns the small-size generation region located in the equatorial plane that is consistent with Cluster observations. A typical spread of the wave normal angles around longitudinal direction found by Geotail is about 20 • . For a smaller spread of the wave normal angles in the generation region, only part of the frequency band of chorus emission can be observed on the records taken far enough from the source.
